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' ' The rotational relaxation of n-H 2 , p-H 2 , HD, and n-D 2 in a free jet expansion was studied by means of rotationally-resolved photoelectron spectroscop_y using a collimated supersonic molecular beam.
Rotational state distrib~tions were determined from the relative intensities of the Q branch rotational components for a wide range of stagnation pressures with nozzle temperatures from 300K to 700K. Significant deviations from a Boltzmann distribution were observed for those cases in which the degree of rotational relaxation was substantial. HD was found to relax after undergoing only one-tenth of the number of collisions required to relax H 2 or D 2 • The relaxation of p-H 2 was modeled using the state-to-state rate constants method of Rabitz and Lam, which was confirmed to be quite effective in accounting for the experimentally observed population distributions. Hydrogen is in several respects an unusual system. The very large ).
. rotational energy spacings allow only a few levels to be thermally populated at room temperature. Vibrational excitation is negligible for H 2 below lOOOK. The large rotational energy gaps and-the small anisotropy of th,e interaction potential make the R-T energy transfer inefficient compared to heavier molecules. In addition the isotopic species of molecular.hydrogen sho~ld exhibit substantially different relaxation behaviors because of the variations in the spacings of the rotational energy levels and in the anisotropy of the potential. that expected for a monatomic (CP/Cv = 1.67} expansion. Huber-Walchli and Nibeler 7 measured CARS spectra of n-H 2 and n-0 2 in free jets with a 300K stagnation temperature. They analyzed their data in terms of 4 the rotational temperature which served as an input parameter in their CARS spectral simulation.
The minimum number density required for Raman or CARS experiments on hydrogen is approximately 10 16 cm-3 , so that it is necessary to use I an unskimmed free jet. The present measurements employ a collimated molecular beam which more closely approximates the experimental arrangement common to crossed beam scattering studies. The number density ranges from about 10 11 to 10 13 cm-3 • We report level populations for fully expanded jets of n-H 2 and n-0 2 over a wider range of stagnation conditions than have been reported previously, and we also extend the population measurements to p-H 2 and HD for the first time.
We observe departures from a Boltzmann distribution for strong expan- were of the converging type.
• The pre~sure in the beam source exhaust chamber was typically less than 5x1o-4 torr, and in the main chamber the pressure was less than 2x1o-5 torr. The nozzle could be heated to a maximum of 700K with a coil of non-inductively-wound two-wire The r.otational populations measured for n-H 2 and n-D 2 expanded from 297K through the 70 pm nozzle are shown in Fig. 2 as functions of pd, the product·of·~he stagnation pressure (p) and the nozzle-diameter (d); At the lowest ubserved pd there is only. a slight relaxation of 9 the rotational energy, and the populations are very close to those expected for a Boltzmann distribution at 297K. As pd is increased the levels relax, but the populations cannot generally be described by a unique Boltzmann temperature. This is demonstrated in Fig. 3 , which shows the measured ln(nJ/gJ) vs. EJ at two nozzle temperatures for n-H 2 and n-0 2 • These plots would be linear if there were a unique rotational temperature, but in fact a positive curvature is observed in each case. The R-T energy transfer is therefore less efficient for the higher rotational levels, which is in accord with the fact that the energy gaps are higher for these states. Another way of visualizing th~ non-Boltzmann nature of the population distributions is to use the two-level temperature relative to the J=O level, TJO' which is defined by TJO is shown in Fig. 4 for the same data sets that were presented as Boltzmann-type plots in Fig. 3 , and it is apparent that TJO increases appreciably with increa~ing J.
( 1)
The average rotational energy is given by E = ~ nJEJ. We wish to .is given by
where a= 2.93A is the gas kinetic collision diameter (from Gallagher Although these levels contribute only about4% of the total intensity even at 694K, the fraction of the r6tational energy ~esiding in these states is about 0.5% at 297K, 5% at 475K, and 15% at 694K.
Before leaving n-H 2 and n-0 2 we list in Table II • !'.
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